A novel wideband uniplanar electromagnetic bandgap structure with curved line bridges (C-EBG) is proposed to be used in power planes for suppressed ground bounce noise (GBN) and improved signal integrity. Compared with a conventional uniplanar electromagnetic bandgap structure with straight line bridges (S-EBG), the C-EBG structure significantly increases the equivalent inductance with less splitting in the power plane. The effectiveness of the proposed C-EBG structure was validated both numerically and experimentally. The improvement in bandwidth, GBN suppression, and signal integrity was 70%, 70%, and 20%, respectively. Keywords: electromagnetic bandgap (EBG), ground bounce noise (GBN), power plane, signal integrity, curved line bridge Classification: Microwave and millimeter wave devices, circuits, and systems 
Introduction
Ground bounce noise (GBN) also known as simultaneous switching noise (SSN) on power and ground planes is becoming one of the major issues in high-speed digital computer systems with fast edge rates, high clock frequencies, and low voltage levels. Because of the cavity resonance between power and ground planes, GBN not only causes significant signal integrity problems but also results in electromagnetic interference (EMI) issues for high-speed circuits [1, 2, 3, 4] .
Various approaches have been tried to mitigate GBN, including the use of island-type power plane structures, resistive termination, shorting vias, and decoupling capacitors. Recently, a novel concept of suppressing GBN using uniplanar electromagnetic bandgap (EBG) structures was introduced, where EBG structures of low periods were embedded in the power plane while the ground plane was kept solid [4, 5] . Bandstop characteristics were achieved through the distributed LC networks realized from the etched metal pads on the power plane and the narrow metal lines connecting the pads [5] . This configuration is attractive due to its compactness, planarity, and low cost in fabrication [6] .
In this paper, we propose a novel uniplanar EBG structure with curved line bridges (C-EBG) to be used in power planes. Compared with a conventional EBG structure with straight line bridges (S-EBG), the C-EBG structure not only broadens the bandgap significantly, but also provides wideband suppression of GBN and much improved signal quality along the signal traces. Distinctive behaviors of the proposed C-EBG power plane are validated by numerical simulation and experimental measurement. Fig. 1 (a) and 1 (b) show the square unit cells of a conventional S-EBG and the proposed C-EBG structures of the same size for a fair comparison. They were printed on a Taconic CER-10 substrate with a relative dielectric constant of 10, loss tangent of 0.0035, and thickness of 1.27 mm. Dimensions used in this work for the S-EBG were a=5.5, k=1.4, v=0.3, s=0.15, and h=0.4 mm, while those for the C-EBG were a=5.5, k=0.4, v=0.3, s=0.25, and h=0.25 mm, to create a bandgap around 5.5 GHz WLAN band. The electromagnetic properties of an EBG structure can be described using its equivalent inductance and capacitance. The bandgap frequency can be considered as the resonant frequency of the equivalent LC network. The equivalent inductance L results from the current flowing through the thin microstrip bridge lines connecting adjacent pads as in Fig. 2 (a) or meeting at the center of each cell as in Fig. 2 (b) , while the edge coupling of the electric field between adjacent patches results in the equivalent capacitance C as shown in Fig. 3 (a) and 3 (b). The center frequency of the bandgap can be calculated as f c = 1/2π √ LC, while the bandwidth (BW) of the bandgap is proportional to L/C [7] . Accordingly, to broaden the bandgap while maintaining a similar center frequency, L should be increased while C should be decreased [8] .
Design and analysis
Compared with the S-EBG structure [6, 7, 8] , the total bridge length per cell is longer while the total coupled edge width per cell is narrower in the C-EBG structure. Thus, the equivalent inductance is significantly increased while the equivalent capacitance is reduced, resulting in broader BW. Moreover, discontinuity in current distribution through the bridge lines is much less in the C-EBG structures, as evidenced in Fig. 2 . The dispersion diagram is a propagation constant curve as a function of frequency, which can be used to study bandgap [8, 9] . In order to accurately analyze the surface wave bandgap of the EBG structures, the infinite periodic unit cell model is used in this work. Fig. 4 shows dispersion diagrams of the S-EBG and the C-EBG structures calculated in the Brillouin zone following the path as indicated in the inset. They were calculated using the commercial software Ansoft HFSS with periodic boundary conditions. Bandstop filters based on arrays of 4 by 4 unit cells were simulated, fabricated and measured to experimentally verify the effectiveness of the C-EBG structure over the S-EBG structure. As shown in Fig. 5 , a two-port network transmitting through these arrays was used to measure the bandgap of the EBG structures. 
Result and discussions
Fig . 6 shows the isolation parameter S 21 characteristics of the bandstop filters. A good agreement was seen between measured and simulated results. Compared with the S-EBG, the C-EBG structure in the power plane achieved much improved stopband characteristics over a wide frequency range. Table I summarizes BW of the bandgap defined at S 21 less than −10 dB from measurement and simulation. Results from the dispersion diagram are also included. Measured bandwidth of the C-EBG filter was 73% wider than that of the S-EBG filter. Results by simulation and dispersion diagrams, 78% and 75% respectively, agree well with the measured results. The discrepancy in the center frequency of the bandgap between the filter measurement and the dispersion diagrams is because an infinitely periodic structure was assumed in the dispersion diagrams, while the bandstop filters incorporated a finite array of 4 by 4 cells [8] . Table I . Bandwidth of the bandstop filters based on S-EBG and C-EBG structures.
GBN suppression capability was investigated in time domain using the commercial software Agilent ADS. An input pulse with period of 2 ns, width of 1 ns, rise/fall time of 0.05 ns, and peak-to-peak amplitude of 2 V with zero average was launched between the power and the ground planes of both the S-EBG and the C-EBG structures to emulate GBN, and coupling noise at the receiving port was recorded [9, 10] .
As shown in Fig. 7 , the peak-to-peak amplitude of the coupling noise was about 0.82 V and 0.24 V for the S-EBG and the C-EBG structures, respectively. It is clearly seen that GBN of the C-EBG structure was reduced by 70% over that of the S-EBG structure.
While various EBG structures have been proposed to reduce GBN, sig- Fig. 7 . Simulated time-domain response of GBN at the receiving port of (a) S-EBG structure and (b) C-EBG structure.
nals crossing the EBG structures tend to suffer from signal integrity and EMI problems because of the slots etched in the power plane of the EBG structure [11] . Using Agilent ADS software, signal integrity analysis was performed in time domain on EBG power planes. As shown in Fig. 8 , a signal trace of 30 mm passing from the first layer to the fourth layer and back to the first layer through via transitions was employed [12, 13] . The second layer was the EBG power plane, and the third layer was the solid ground plane. All the layers were contained in Taconic CER-10 substrate with thickness of 1.27 mm. The signal trace was designed as a 50 Ω microstrip line. A non-return-to-zero (NRZ) pseudorandom binary sequence (PRBS) of 2 7 − 1 was sent at the input (port1), and the signal propagation properties were monitored at the output (port2). The launched PRBS was coded at 5 GHz, with 2 V swing and nominal rise/fall time of 100 ps. Maximum Eye Opening (MEO) and Maximum Eye Width (MEW) were used as metrics of the eye pattern quality [13] . The simulated eye diagrams for the signal output of S-EBG and C-EBG structures are shown in Fig. 9 (a) and (b). MEO and MEW of 240 mV and 170 ps were obtained from the S-EBG structure, while 290 mV and 180 ps were obtained from the C-EBG structure, showing improvement of 21% and 6%, respectively. The improvement is attributed to the reduced splitting on the power plane with the C-EBG structures. 
Conclusion
A novel EBG structure employing curved line bridges was demonstrated. Compared with a conventional EBG structure with straight line bridges as connecting elements, the new structure increased the equivalent inductance significantly, while introducing less splitting on the power plane. As a result, a simultaneous improvement in bandwidth, GBN suppression, and signal integrity of 70%, 70%, and 20% was achieved.
